A variety of behavioral instruments are available for assessing important aspects of cognition in both animals and humans and, in many cases, the same instruments can be used in both. While nonhuman primates are phylogenetically closest to humans, rodents, pigeons and other animals also offer behaviors worthy of note. Delay Discounting procedures are as useful as any in studies of impulsivity and may have utility in shedding light on processes associated with drug abuse. Specific memory tests such as Visual Paired Comparisons tasks (similar to the Fagan test of infant intelligence) can be modified to allow for assessment of different aspects of memory such as spatial memory. Use of these and other specific memory tasks can be used to directly monitor aspects of cognitive development in infant animals, particularly in nonhuman primates such as monkeys, and children and to draw inferences with respect to possible neuroanatomical substrates sub-serving their functions. Tasks for assessing working memory such as Variable Delayed Response (VDR), modified VDR and Spatial Working Memory tasks are now known to be affected in Parkinson's disease (PD). These and other cognitive function tasks are being used in a monkey model of PD to assess the ability of anti-Parkinson's disease therapies to ameliorate these cognitive deficits without diminishing their therapeutic effects on motor dysfunction. Similarly, in a rat model of the cognitive deficits associated with perinatal exposure to polychlorinated biphenyls (PCBs), clear parallels with children can be seen in at least two areas of executive function: cognitive flexibility and response inhibition. In the rat model, discrimination reversal tasks were utilized to assess cognitive flexibility, a function often assessed in humans using the Wisconsin Card Sorting Task.
Introduction
At the 2010 Annual Meeting of the Neurobehavioral Teratology Society held in Louisville, Kentucky, attendees benefitted from an excellent series of presentations as part of the Annual Behavioral Toxicology Symposium (NBTS Session 1). A brief review of work highlighting the use of an automated behavioral test battery for assessing aspects of cognitive function in both monkeys and children was presented by Merle Paule. Maria Alvarado discussed studies that focused on aspects of memory development in monkeys and humans by way of describing a type of memory that is dependent on the hippocampus: from a primarily anatomical perspective, different memory types and methods for assessing them were addressed. Jay Schneider followed with a presentation on the use of a monkey model of MPTP-induced Parkinson's disease. Here, cognitive dysfunction, in addition to motor deficits, is an important characteristic of the model. Leonard Green described the use of on an intriguing choice paradigm as a behavioral metric for aspects of impulsivity, a functional domain that is affected by developmental exposure to polychlorinated biphenyls as described by Sue Schantz. It is hoped and anticipated that the approaches described here will be increasingly incorporated into the behavioral toxicologist's tool kit.
Behavioral Toxicology
Our goal as behavioral toxicologists is to ultimately make predictions about the effects of chemical exposures on brain function/cognition in humans. In an ideal world, the data that are needed to make such predictions are obtained from laboratory animal models in well controlled experiments under known conditions of exposure and, preferably, prior to any significant human exposures. The use of appropriate species is also critical. If the species being considered does not metabolize the chemical of interest in a fashion similar to that of humans, or if it does not have the same target(s) of toxicity as humans, then it will not likely be an appropriate model. Likewise, if there is interest in understanding the effects of in utero/transplacental exposures to chemicals and the animal model being considered has vastly different placentation than humans, then the model is not likely going to provide the most relevant data. The use of 'translatable' endpoints also decreases the uncertainty associated with the process of interspecies extrapolation and utilization of identical endpoints is best, particularly when concordance/relevance to the human condition has been demonstrated. Utilization of specific behavioral tasks, designed to target or isolate specific cognitive functions, allows for a more direct interrogation of those functions. The bundling of such tasks into batteries provides the opportunity to efficiently monitor several specific functions in the same subjects.
The National Center for Toxicological Research (NCTR) Operant Test Battery (OTB)
For over two decades the National Center for Toxicological Research (NCTR) Operant Test Battery (OTB) has been utilized in multiple assessments of both acute and chronic drug exposures in monkeys (e.g., Paule 1990; Paule et al., 1992; Schulze et al., 1988) . The NCTR OTB is an automated instrument that utilizes positively-reinforced tasks to assess aspects of motivation, color and position discrimination, learning, shortterm memory and timing ability. Subjects interact with press-plates and response levers to indicate choices in tasks governed by specific rules that are dependent upon the specific brain function to be assessed. Importantly, the very same apparatus and tasks can be used with human subjects: in animals, correct responses are reinforced with food pellets and in humans they are typically reinforced with money (nickels; e.g., Chelonis et al., 2000; 2002; , although candy seems to work fine as well (Daniels-Shaw et al., 2001 ).
2.1.1. The Issue of Relevance-Of clear significance is the observation that several metrics of OTB performance in children correlate significantly with IQ (Paule et al., 1999) . This characteristic actually allows for the generation of IQ estimates based solely upon OTB performance (Hashemi et al., 1994) . In addition, the OTB performance of children given videotaped instructions about how to perform the tasks is often indistinguishable from that of well-trained rhesus monkeys . [The use of videotaped instructions to children typically provides the needed information about task rules to allow for immediate, near optimal performance, whereas animals typically require months of training]. These last two characteristics serve to indicate both the relevance of the instrument (OTB performance can serve as a surrogate for IQ) and its translational capabilities (the same endpoints can be obtained from both animals and humans). Importantly, where data exist for the behavioral effects of the same psychotropic drug in both monkeys and humans, there is a compelling ability of the monkey model to predict effects in humans (see Paule 2001 for a summary). An additional strength of the OTB and similar approaches lies in their usefulness in targeting specific cognitive domains and the ability to use them repeatedly in the same subject over extended periods of time (years; see for example Paule et al., 2011) .
2.1.2. Use in Developmental, Pediatric and Juvenile Models-The OTB has been used in a developmental context in monkeys in several chronic drug studies including those on prenatal cocaine exposure (Chelonis et al., 2003) where, as in humans, infant monkeys exposed to cocaine were born with smaller head circumferences and overall length than controls (Morris et al., 1997) . As adults, animals exposed to cocaine throughout gestation exhibited, as do humans similarly exposed, diminished behavioral plasticity (Chelonis et al., 2003) . In a study of chronic (one year) marijuana smoke exposure during the peripubertal period, evidence was obtained from monkeys supporting the hypothesis that such marijuana use results in an 'amotivational syndrome' (Paule et al., 1992) as also reported for adolescent and young adult humans. Studies of the chronic pediatric administration of the anticonvulsant remacemide (Popke et al., 2001a and b) demonstrated clear and long-lasting deficits in learning task behavior in monkeys exposed for 18 months: recovery of function was not evident when the study ended six months after treatment was terminated. More recently, findings from studies on the long-term cognitive effects of a single episode of neonatal general anesthesia have been reported . In these studies it was shown in the rhesus monkey that a 24 hour period of ketamine-induced general anesthesia on day 5 or 6 of life resulted in significant cognitive deficits lasting several years, perhaps permanently. Clear deficits in learning capabilities and response speed were the hallmarks of this single neonatal exposure and these findings served as 'proof-of-concept' that some CNS-active drugs have the potential to seriously disrupt normal development and compromise subsequent brain function when exposures occur during critical periods of development.
Ontogeny of Hippocampal-Dependent Memory Processes:

Developmental Amnesia in Monkeys and Humans
The neural system supporting declarative memory (memory of facts as opposed to memory of procedures) in humans is similarly important for memory in monkeys. Understanding the developmental time-course of the anatomical and functional components of this system is important not only for our understanding of the ages at which different neural systems and memory processes emerge, but also for identifying windows of vulnerability to the effects of neural insult. Although the research discussed here utilizes the lesion method and, as such, does not directly address the issue of toxicology, the behavioral tasks used, the memory processes they measure, and the neural structures that are manipulated are similar in both humans and monkeys and, thus, provide an opportunity for modeling the effects of toxic agents on cognition throughout development.
It seems logical that the earliest age at which subjects can perform a given memory task is the age at which its neural substrate is functional. By this reasoning, the medial temporal lobe appears to be functional early in life in humans and monkeys. Yet, in animals and humans, memory processes that are sensitive to hippocampal dysfunction in adults mature at different ages (see Alvarado and Bachevalier, 2000; Lavenex et al., 2007; Seress and Riback, 1995) . For example, recognition memory develops early in humans and monkeys, whereas spatial or relational memory matures much later (Alvarado and Bachevalier, 2000; Bachevalier and Vargha-Khadem, 2005; Zeamer et al., 2010a) . One explanation is that there may be (at least) two functionally separate circuits in the hippocampus that differentially support performance of certain memory tasks: the trisynaptic pathway and the direct, or temporoammonic pathway (e.g. Brun et al., 2002; Sybirska et al., 2000) . It is perhaps the differential maturation of these two pathways that accounts for both qualitative as well as quantitative changes in "hippocampal memory" during development (see Alvarado & Bachevalier, 2000) .
Differential Hippocampal Development
Humans, monkeys and rodents undergo considerable postnatal changes in hippocampal structure and function. In monkeys, hippocampal neurogenesis is largely complete at, or shortly after, birth (Seress, 2007; Alvarado & Bachevalier, 2000; Lavenex 2007 ) and the direct temporoammonic pathway appears to be present at birth. Conversely, maturation of the trisynaptic pathway is quite protracted. Neurogenesis in the dentate gyrus, although 80% complete at birth, continues throughout the first several months of life and migration and maturation of dentate cells continues through at least the first year. CA3 pyramidal cells also undergo protracted maturation during the first year of postnatal life (Seress & Riback, 1995) with synaptogenesis and myelination continuing during this time and the overall volume of the hippocampus increasing from birth to 11 months of age (Payne et al., 2010) . Although the precise timing differs, humans also show this same developmental pattern extending at least throughout the first 5 postnatal years (Seress, 2001 (Seress, , 2007 . Thus, the two putative hippocampal networks which may differentially support memory, also develop differentially, with the direct pathway that may support recognition memory being present shortly after birth, and the trisynaptic pathway that may support spatial and relational memory developing over the first year and showing further maturation over the first 2 years.
Differential Development of Hippocampal Memory
The following sections describe ongoing experiments that may provide insight into whether the development of hippocampal-dependent memory can be explained by maturational changes in the direct vs. the trisynaptic pathways. Testing at several ages over the first 3 years of life, normal cognitive development was explored, as were the effects of neonatal removal of the hippocampus or the perirhinal cortex (major input into the direct pathway), on cognitive development. Nursery-reared infant rhesus macaques were used (see: Goursaud & Bachevalier, 2006) . Some received injections of the selective neurotoxin ibotenic acid into the hippocampal formation or the perirhinal cortex at 10-12 days of age (Zeamer & Bachevalier, 2009; Zeamer et al., 2010b) , others served as sham surgical controls or received no intervention. Item-specific recognition, spatial recognition, or relational memory were then assessed at ages before and after the hippocampus is anatomically mature. It was expected that memory tasks that preferentially engaged the direct pathway would emerge early in life and be sensitive to both perirhinal and hippocampal damage, whereas those that engaged the trisynaptic pathway would emerge relatively late (1-2 years of age) and be sensitive to complete hippocampal damage.
Recognition Memory Development
Recognition memory was tested using the visual paired comparison (VPC) task. In this task, subjects were familiarized to a visual image, and then after a brief delay, were presented with the original image paired side-by-side with a novel image. Capitalizing on the subject's innate preference for novelty, memory is inferred from the subject's preference for looking at the novel image. VPC requires no training and can be administered to young infants (Fagan, 1970) including humans. It is particularly sensitive to hippocampal damage in adult monkeys (Nemanic et al., 2004; McKee & Squire, 1993; Zola, et al., 2000) , which makes it an ideal candidate for assessing early memory development. Recognition memory was assessed at 1.5, 6 and 18 months of age using retention spans of 10, 30, 60 and 120 seconds (Zeamer et al., 2010b) . At 1.5 months of age, control infant monkeys showed a clear novelty preference of about 65% across all 4 delays (reliably different from chance). At 6 months, their novelty preference was stronger, averaging 73% across all delays. However, at 18 months a different pattern emerged: the novelty preference of control monkeys showed a delay-dependent decline, with novelty preference being weaker at 120 sec (65%) than at 10 sec (75%), although still reliably different from chance. These data suggest that qualitative changes are occurring in hippocampal function between 6 and 18 months of life and also suggest that the neural substrate for recognition memory at 1.5 & 6 months is not identical to that at 18 months. Possibly, the early ability to perform the VPC task is supported by a functional direct pathway and the change in performance seen at 18 months reflects contributions from the later-maturing trisynaptic pathway. Thus, a complete hippocampal lesion that disrupts both pathways should impair performance at all ages tested.
Contrary to that prediction, infant monkeys with hippocampal damage, performed identically to controls. By contrast, at 18 months of age, this group was significantly impaired at the longest delay. Thus, in monkeys, hippocampal-dependent recognition memory develops between 6 and 18 months of age. Intact recognition memory at 1.5 and 6 months in both controls and lesioned infants can be supported by another neural substrate, rather than the direct pathway. One likely candidate is the perirhinal cortex, which, along with the entorhinal cortex, plays an important role in recognition memory (Nemanic et al., 2004; Buffalo et al., 1999) . The perirhinal cortex is adult-like perinatally, and lesions to it during the neonatal period impair acquisition and performance of delayed nonmatch-tosample tasks (Málková et al., 2001) . Thus, if this area is functional early on, then neonatal damage should impair memory at 1.5 and 6 months.
Preliminary data partially support this hypothesis. Neonatal damage to the perirhinal cortex alone reduced novelty preference, as compared to controls, at all three ages, and this deficit became more severe with age such that at 18 months the perirhinal-lesioned monkeys differed from controls at all delays (Zeamer & Bachevalier, 2009; Zeamer et al., 2010b) . Importantly, perirhinal lesions did not abolish reliable preference for novelty at any delay. Thus, the magnitude of impairment differs strikingly from that seen in adults (Nemanic et al., 2004; Buffalo et al., 1999) . This last finding indicates that the neural network supporting recognition memory in infancy includes the perirhinal cortex, but is more widespread than in the adult (Zeamer et al., 2010b) .
Spatial Memory Development
Spatial memory was assessed at 9 and 24 months of age and again at 5 years using VPC tests designed to assess spatial memory (Blue et al., 2009 ). Monkeys were tested on two VPC variations. 1) In the Location task, monkeys were familiarized to an image of an object located in one position on the screen. Following a brief delay, the object in the familiarized location was presented along with that same object in a different location. Monkeys should preferentially look to the new location. 2) In the object-in-place (Obj-Place) task, monkeys were familiarized to a circular array of 5 objects. Following a brief delay, the original array was presented side-by-side with a new array in which 3 of the 5 objects switched positions. Sensitivity to the spatial relationships amongst the objects should yield a preference for looking at the rearranged image. Damage to the hippocampus or temporal cortical areas in adult monkeys differentially impacts performance on these variations. In adults, hippocampal damage impairs performance on Obj-Place, but not the Location task (Bachevalier & Nemanic, 2008) .
Similar results were obtained here for the infants. For the Location task, normal controls performed at chance levels at 9 months of age, but showed strong novelty preference at 24 months and 5 years of age. Early hippocampal damage impaired performance at 9 and 24 months, but novelty preference returned to normal at 5 years of age. This transient impairment on the Location task is similar to the sparing observed in adults and may reflect temporal cortical involvement (Bachevalier & Nemanic, 2008) . For the Obj-Place task, normal controls performed at chance levels at 9 and 24 months of age, but showed strong novelty preference at 5 years of age. Unlike the effect on the Location task, neonatal hippocampal damage permanently impaired performance on Obj-Place. Thus, as measured by performance of a VPC task, location recognition memory emerges much later than itemspecific recognition memory, but can be subserved by temporal cortical structures when they have matured (Bachevalier & Nemanic, 2008; Blue et al, 2009) . By contrast, spatial relational memory develops after 2 years of age, is fully mature by 5 years and requires the fully functional hippocampus for performance. Monkeys with early perirhinal damage are currently being assessed, but to the degree that perirhinal cortex contributes to memory for objects at any age, impairment is expected on the Obj-Place task, but not necessarily in the Location task.
Relational Memory Development
Since it has been shown that spatial relational memory emerges after 24 months of age and requires the hippocampus, the next logical question was whether non-spatial relational memory abilities appear at an age consistent with maturation of the trisynaptic pathway, and whether neonatal hippocampal damage effectively prevents the development of relational memory. To assess the normal development of non-spatial relational memory, monkeys were trained to perform a transverse patterning task, which has been shown to be sensitive to hippocampal damage in monkeys (Alvarado & Bachevalier, 2005) and rodents (Alvarado & Rudy, 1995) and that is late-developing in humans (Rudy et al., 1993) . In this task, subjects are required to solve three, concurrent discrimination problems formed from only 3 stimuli, A, B and C. The discrimination problems are formed such that each stimulus appears in two discriminations, and is reinforced in one, but not the other as follows: 1) A+ vs. B−; 2) B+ vs. C−; 3) C+ vs. A− (+ indicates reinforced, − indicates not reinforced). To perform well on this task, subjects must disregard the reinforcer contingencies for the stimuli (50%) and attend to the relationship or conjunction of stimuli to guide correct responding; that is, "if A and B are present, choose A" (Alvarado & Rudy, 1992) .
Macaques were trained at 3-4 months, 6 months, 1, 2 or 3 years of age. Each subject was trained at one age to a criterion of 90% correct performance averaged across the three discriminations and a minimum of 80% correct on any one problem. We found that, whereas performance gradually improved with age from chance at 3-4 months, it was only the 3-year-olds who performed in an adult-like way (see Alvarado & Bachevalier, 2000 for preliminary data). Monkeys at 12 and 24 months of age were able to perform well on two of the discriminations, but failed the third, indicating that they were using item-based rather than relational strategies (Alvarado & Bachevalier, 2005) . Interestingly, when monkeys who failed to learn at the younger ages were retested at either 1, 2 or 3 years of age, successful performance was observed in animals as young as 12 months and was present in all juveniles re-tested at 2 years and older. This suggests that the neural architecture supporting relational learning is available between 1-2 years of age.
Comparison with Human Memory Development
It is important to note that human infants exhibit a similar developmental profile. That is, recognition memory as measured by performance of the VPC task is present early on and improves with age (see Richmond & Nelson, 2007) , but relational memory abilities develop around 5 years of age, as shown by tasks such as transverse patterning (Rudy et al., 1993) and spatial navigation (Overman et al., 1996) . Similar to findings reported here, patients with developmental amnesia, who sustained selective hippocampal damage in infancy or childhood, were impaired on the VPC task when tested as adults (Muñoz et al., 2010) . They were also impaired on spatial and relational memory tasks (Spiers et al., 2001; Kumaran et al., 2007) . Although developmental amnesic patients have not been tested specifically on transverse patterning, adult amnesic patients are quite impaired on this task (Rickard et al., 2006) .
In sum, cognitive processes that are sensitive to hippocampal dysfunction show protracted development in monkeys, as in humans. Although the nature of an early-developing direct pathway is still in question, it is clear that the full trisynaptic pathway matures over the first 12-18 months in monkeys and over the first 5-7 years in humans. The neural network supporting early memory neither requires the direct pathway, nor is identical to that in the adult. Additional studies in monkeys will be particularly useful in determining which circuits are important in infancy and the long-term consequences of damage to those systems. The evidence that developmentally amnesic children or adults with hippocampal damage are similarly impaired on these cognitive tasks makes these tasks useful comparative measures for drug effects (e.g. Gunderson et al, 1988; Oken et al., 2005) on human and monkey cognition.
Modeling the Cognitive Deficits of Parkinson's Disease
Parkinson's disease (PD) is most distinctly a disorder of motor function, yet PD patients often present with a variety of non-motor features that are potentially major sources of disability (Olanow et al., 2009) . Among these, cognitive impairment is a common feature, even in the early stages of the disease (Brown and Marsden, 1990; Cooper et al., 1991; Hietanen and Teravainen, 1986; Levin et al., 1989; Owen et al., 1992; Sawamoto et al, 2002) . Cognitive impairment in PD is present in patients without dementia or psychosis, but may serve as a predictor of later development of dementia (Verbaan et al, 2007) . The cognitive impairments seen in PD often involve executive function, attention, visuospatial performance and working memory, suggesting a frontal or fronto-striatal nature to these cognitive deficits. These deficits can include: difficulty in attention set shifting and set formation (Downes et al, 1989; Flowers et al, 1985) , temporal ordering, sequencing, and planning (Cooper et al, 1991) ; impaired short-term recall; impaired short-term memory (Freedman et al, 1986) ; and impairments in attention (Sharpe et al, 1990 (Sharpe et al, , 1992 . Although there are no universal approaches for identifying cognitive impairment in PD, recent studies suggest that up to ~50% of treated PD patients may exhibit cognitive dysfunction (or 'mild cognitive impairment') (Fernandez, 2005; Mamikonyan et al., 2009; Zalonis et al, 2010) without frank dementia (i.e., normal Mini Mental State Exam score).
Treating PD-Associated Cognitive Deficits
Ameliorating the cognitive deficits associated with PD has proven to be difficult. While dopamine (DA) replacement with levodopa (L-dopa) remains the gold standard for the relief of the motor symptoms of PD, this drug has had inconsistent effects on cognition and may even worsen at least some aspects of cognitive functioning in some PD patients (Cools et al., 2001) . Thus, remediation of the cognitive deficits associated with PD remains a major unmet medical need of this patient population. In particular, therapies are needed that can be administered adjunctively with L-dopa to improve cognition (or counteract potential detrimental effects of L-dopa on cognition) and not diminish the therapeutic effects of Ldopa on motor functioning. Unfortunately, such drug development efforts have been hampered in part due to lack of an appropriate animal model in which to conduct preclinical studies.
Nonhuman Model of PD and Cognitive Assessments
In order to fill this void, a nonhuman primate (rhesus monkey) model of Parkinsonism was developed that involves the administration of low doses of the dopaminergic neurotoxin 1-methyl, 4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) over extended periods of time [i.e., chronic low dose (CLD) MPTP administration]. This model was initially developed to produce cognitive impairments similar to those seen in PD patients but without the debilitating motor impairments and the intent of initial studies discussed here was to examine cognitive dysfunction associated with the early stages of PD. CLD MPTP animals developed a number of 'frontal' cognitive deficits analogous to those described in early PD patients but in the absence of distinct Parkinsonian motor deficits. In these "early" CLD MPTP monkeys, PD-relevant cognitive functions such as spatial and non-spatial working memory, short-term and reference memory, sustained and selective attention, and aspects of executive functioning were studied. Deficits in performance of delayed response, variable delayed response, delayed alternation, delayed matching-to-sample, object retrieval, discrimination reversal, attention (set) shifting, and a continuous performance task have been documented (Schneider and Kovelowski, 1990; Schneider and Roeltgen, 1993; Decamp and Schneider, 2004) . The use of analogous tasks designed for humans [i.e., delayed response (Postle et al., 1997) , attention set shifting , delayed matching-to-sample (Owen et al., 1993) , continuous performance (Stern et al., 1984) , have also detected impairments in performance in PD patients. No problems with visual discrimination performance (reference memory) have been found in MPTP-treated monkeys or non-demented PD patients.
However, in view of the presence of the noted attentional deficits in these animals it was unclear the extent to which deficits in performance of delayed response and delayed matching-to-sample tasks were related to an attentional disturbance or a working memory impairment. Because of the nature of the tasks that were used, it was not possible to unequivocally separate attention from memory components of task performance. Therefore, we examined performance of CLD MPTP treated monkeys with stable cognitive deficits using both a standard variable delayed response (VDR) paradigm and a modified VDR task with attentional cueing (Decamp et al, 2004) . On the standard VDR task performed using a Wisconsin general test apparatus, an opaque screen is lifted and cue presentation (the observable baiting of 1 of 2 food wells) occurs over a fixed 2 sec. interval. The opaque screen is then lowered for an intratrial delay (variable) and the food wells are covered with 2 identical sliding plates. The screen is then raised and the animal is presented with the 2 wells and is allowed to respond (i.e., uncover one of the 2 wells to retrieve the reward). The protocol for the VDR task with attentional cueing was identical to that described above except that the examiner insured that the monkey was attending to the cue presentation (i.e., directly observed the baiting of the well) before the opaque screen was lowered. Normal animals performed very well on short duration delay trials and exhibited a delay-dependent decrease in the number of correct responses with increasing delay lengths. After CLD MPTP administration, performance at short and medium duration delays (2, 5, and 10 sec.) was significantly worse than in normal animals. With attentional cueing, performance was significantly improved at these short and intermediate delays, suggesting a strong attentional component to the deficits observed using a standard "spatial working memory" task such as the VDR task.
Spatial Working Memory Assessments
However, the question remained, do CLD MPTP monkeys have a spatial working memory (SWM) deficit as has been described in PD (and "early" PD) patients? In order to assess this, we designed a SWM task in which the level of processing and information manipulation would be higher than that in typical delayed response tasks. Briefly, the task is a self-ordered SWM task that differs from the classic delayed response (DR)-type tasks in that working memory is engaged over a much longer period than in DR tasks and memory load and level of processing necessary to perform the task are higher. These aspects of this task make it more similar to SWM tasks with executive components that have been used in human studies and which have been shown to be affected even in mild PD patients (Kulisevsky, 2000; Lewis et al, 2004; Owen et al, 1997) . In this task, the subjects are presented with boxes that appear on a touch-sensitive computer monitor and they must remember the spatial locations of the boxes on the screen and select each box in turn without revisiting a box once it has been touched. The difficulty of the task can be varied by increasing the number of boxes and by introducing a delay between each touch. Using this task, CLD MPTP-treated monkeys display a SWM deficit (Figure 1 ). When normal, these same animals had no difficulty performing the easiest level of the task with or without a delay. At the most difficult task level, normal animals performed significantly worse in the delay condition than in the no delay condition. After CLD MPTP exposure, the same animals performed well at the easiest task level but only in the no delay condition and exhibited significant deficits at more difficult task levels under both the no delay and delay conditions. These data suggest that CLD MPTP-treated animals have a SWM deficit that was not previously apparent using the less demanding DR paradigm.
Treatment of PD-Related Cognitive Deficits
Therapies that can be administered adjunctively with L-dopa to improve cognition (or counteract potential detrimental effects of L-dopa on cognition) and not diminish the therapeutic effects of L-dopa on motor functioning are needed. As mentioned previously, the development of such therapies has been hampered in part due to lack of an appropriate animal model that recapitulates both the motor and non-motor aspects of PD (i.e., Parkinsonian motor impairment coincident with fronto-executive cognitive dysfunction). In response to this problem, an animal model has been produced by appropriately titrating chronic low dose MPTP exposure. The model exhibits cognitive and motor deficits associated with PD and which, in preliminary studies, respond to DAergic therapy in a manner similar to that which has been described in PD patients. That is, some tasks are unaffected by L-dopa while others are either improved or worsened depending on the dose of L-dopa administered. Thus far in this model, animals display moderate Parkinsonian motor deficits along with deficits in performing attention [continuous performance task (CPT)] and executive function/memory (discrimination reversal, spatial and non-spatial working memory) tasks. For example, animals previously trained to perform a delayed matching-to-sample (DMTS) task and a spatial working memory (SWM) task (described earlier), developed moderate Parkinsonian motor deficits and deficits in performing both cognitive tasks. L-dopa administration improved DMTS performance at doses that were 'sub-optimal' for improving motor symptoms but not at doses that were 'optimal' for motor improvement (Fig. 2) . On the SWM task, a 'sub-optimal' dose of L-dopa also improved performance at both easy and difficult levels of the task, however, task performance deteriorated with increasing L-dopa dose and at a dose optimal for relieving motor symptoms, task performance was disrupted (Fig. 2) . Thus, in these preliminary studies, cognitive performance on frontal-mediated tasks were improved with a dose of L-dopa suboptimal for improving motor symptoms but worsened when a dose of L-dopa optimal for alleviating motor symptoms was administered. These findings are similar to results reported in PD patients in which some tasks are either improved or worsened depending on the dose of L-dopa administered. Such findings have been attributed to a 'DA overdose' condition in which administration of L-dopa may provide sufficient DA to heavily DA-denervated brain regions involved primarily with motor functioning, such as the putamen, but may 'overdose' less DA denervated regions, such as the pre-frontal cortex (Cools et al., 2001 ). This DA overdose hypothesis has been proposed to explain the variable effects of L-dopa on cognition in PD (Lewis et al, 2005; Nieoullon, 2002; Nieoullon and Coquerel, 2003; Williams and Goldman-Rakic, 1998 ) and now, with the availability of an appropriate animal model, it may be possible to directly assess this phenomenon and shed light on the complex issue of cognitive dysfunction and its remediation in PD.
Delay Discounting by Humans and Other Animals
When humans and other animals choose between a smaller and a larger reward, they tend to choose the larger one; when choosing between getting a reward sooner or later, they tend to choose getting the reward sooner. However, many situations call for choices between rewards that differ on more than one dimension, such as receiving either a smaller reward sooner or a larger one later. In such situations, immediacy is pitted against magnitude, and given such a choice, humans and other animals often choose the smaller reward over the larger one if the larger reward is not available until much later. Such behavior may be understood in terms of discounting -that is, the smaller, sooner reward is chosen because the value of the larger, later reward is discounted, so that its discounted value is less than the value of the smaller, sooner reward.
Rate of Discounting and Impulsivity
Steep discounting of delayed rewards raises issues of impulsivity and impatience, whereas being willing to wait for a larger reward is assumed to reflect self-control . Support for this interpretation is provided by comparisons of individuals who have been diagnosed with an impulse-control disorder, such as substance abuse. Substance abusers, including alcoholics, heroin addicts, and cigarette smokers, have been repeatedly shown to discount delayed rewards more steeply than controls (for reviews, see Bickel and Marsch, 2001; Reynolds, 2006) , consistent with the idea that in humans, steep discounting reflects impulsivity. Behavioral toxicology research has shown that exposure to various substances (e.g., PCBs) increases measures of impulsivity, as discussed by Schantz in the next section, suggesting that an important consequence of such exposure may be increased risk for substance abuse. From this perspective, it may be very useful to be able to study animals using procedures directly analogous to those used to study substance abusers and other special populations (e.g., pathological gamblers). More generally discounting procedures would appear to have the potential for assessing the effects of neurotoxic substances on impulsive decision making in both humans and nonhuman animals.
Adjusting amount procedure
Discounting in humans has been studied principally using an adjusting-amount procedure. Participants are given a choice between a standard, fixed reward amount at a specified delay and a smaller, immediate reward whose amount is adjusted from trial to trial in order to determine the amount of immediate reward that the participant judges to be equal in value to the delayed reward. This amount of immediate reward is termed the subjective value of the delayed reward. The procedure is then repeated using different delays so as to map out a discounting function that relates the subjective value of a reward to the delay until its receipt (see the upper panels of Fig. 3 ). The rewards in human studies have most often been hypothetical amounts of money, and a discounting function can be mapped out in a single session.
As may be seen in Figure 3 , the data are well fit by a hyperboloid function that describes the relation between the subjective value (V) of a fixed amount (A) of reward and the delay (D) until its receipt:
where s represents a nonlinear scaling parameter and k is a free parameter reflecting how steeply the delayed reward is discounted, with larger values of k representing steeper discounting. It should be noted that the curves in Figure 5 depict the fit of a hyperboloid function similar to Equation 1 except that it describes changes in the relative value of the delayed reward (i.e., the amount of immediate reward that is equal in value to the delayed reward expressed as a proportion of the delayed amount). By expressing the value of the delayed reward in relative terms, one is able to plot the data from different amounts and types of reward on the same axes in order to easily compare discounting rates.
The adjusting-amount procedure used with animals is analogous to that used with humans except that the procedure must be modified to ensure that the animals have experience with the alternatives before they are asked to choose between them. This is typically accomplished by alternating a block of forced-choice trials with a block of free-choice trials. The forced-choice trials function to inform the subject what the current alternatives are, whereas the free-choice trials serve to assess the subject's preference. As with the procedure used with humans, the amount of the immediate reward is adjusted until the animal indicates that it finds the two alternatives to be of approximately equal value by choosing them equally often, thus indicating the subjective value of the larger, delayed reward. Once the subjective value has been determined at one delay, the procedure is repeated using the same amount of delayed reward but with different delays until its receipt, in order to map out a discounting function. Depending on the species and the exact version of the adjustingamount procedure that is used, the process of establishing a discounting function can take anywhere from one week (Richards et al., 1997) to several months .
Adjusting Delay Procedure
In addition to the adjusting-amount procedure, other procedures have also been used for studying discounting in animals (for a discussion of the advantages and disadvantages of different procedures, see Madden and Johnson, 2010) . One method is the adjusting-delay procedure (Mazur, 1987) . As with the adjusting-amount procedure, forced-choice trials alternate with free-choice trials, except that in this case, the smaller, immediate and larger, delayed reward amounts are both fixed, and what is varied is the delay until the larger reward. Importantly, the different procedures appear to produce similar results, suggesting that they all tap the same underlying behavioral processes Mazur, 2000) .
Human to Animal Comparisons
It is now well established that the same mathematical function (Eq. 1) used to describe delay discounting by humans also describes discounting of delayed rewards by animals (see the lower panels of Fig. 3 ), except that with animals the value of the nonlinear scaling parameter, s, in Equation 1 is typically close to 1.0 (Calvert et al., 2010; , whereas with humans it is typically less than 1.0. Two other important differences in the discounting of delayed rewards by humans and animals may be seen in Figure 3 . One is that humans discount larger delayed rewards less steeply than smaller ones (compare the two upper panels), whereas animals show equivalent discounting of larger and smaller delayed rewards (compare the two lower panels). In fact, to the best of our knowledge no study with rats or pigeons has reported shallower discounting of larger delayed rewards despite the fact that this is a robust finding in humans, at least in studies using either hypothetical or real monetary rewards (for a review, see .
The other difference is that animals have been reported to discount much more steeply than humans (compare the time scales in the upper and lower panels of Fig. 3) . However, this often-reported difference may be peculiar to the types of rewards typically studied with humans, rather than being a true difference between humans' and animals' discounting of delayed rewards: When humans discount delayed juice rewards that they actually consume following each choice, rather than hypothetical rewards such as money which are not themselves directly consumable, they discount such rewards on a time scale much more similar to that observed in animal studies (Jimura et al., 2009) . Even when tested with directly consumable rewards that are hypothetical, such as candy or soda, they discount such rewards much more steeply than they do monetary rewards Odum and Rainaud, 2003) , although not as steeply as they do real directly consumable rewards. Taken together, these results suggest that the time scale difference in discounting by humans and animals may be more apparent than real.
Animal Models of Impulsive Behavior: Drug Seeking and Substance Abuse
The similarities between discounting in humans and animals have led to the development of animal models of impulsive behavior based on discounting procedures. Research using such models has shown that the discounting function with delayed drug rewards (Woolverton et al., 2007) is similar to that with non-drug rewards, at least in primates (Freeman et al., 2009) . In addition, the degree to which delayed food is discounted appears to be a strong predictor of drug-seeking behavior in rats and the degree of discounting has been found to increase during drug withdrawal (for a review, see Carroll et al., 2010) . Thus, animal models of discounting appear to hold considerable promise for getting at the mechanisms underlying substance abuse in humans, and may provide ways to assess potential interventions directed at prevention and treatment.
It should be noted, however, that although discounting and drug-seeking may share common neural mechanisms, the logic of the relation between impulsivity and substance abuse in humans would not appear to apply to animals. That is, although human substance abusers may be discounting the long-term consequences of their behavior, it is hard to imagine how this would apply to drug-seeking in animals in most current experimental paradigms. Nevertheless, one can imagine an experimental paradigm in which animals' drug-seeking does have delayed negative consequences, and such an approach might provide for more direct tests of current theorizing about human substance abuse.
Drug Effects on Discounting Behavior
In addition to research in which drugs serve as rewards, a number of studies have examined how drugs affect discounting of other types of rewards. For example, cocaine, nicotine, and alcohol appear to reliably result in steeper discounting of delayed food in rats (for a review, see de Wit and Mitchell, 2010) . Unfortunately, for the purposes of validating animal models of the effects of drugs and other substances on discounting, most comparisons of the effects of drugs in animals and humans are confounded by differences in the type of delayed rewards (e.g., real food vs. monetary rewards). One possible approach to this problem would be to examine the effects of drugs and other substances on discounting in humans using procedures with real, directly consumable rewards (Jimura et al., 2009 ) that more closely approximate the procedures and rewards used with animals. Animal models of discounting have good face validity as a means to assess effects on impatience and impulsivity: with careful attention to methodological details, they offer the promise of more precise measurement of these theoretically important constructs than is possible when impatience and impulsivity are measured simply as the proportion of choices of smaller, sooner versus larger, later rewards.
Perinatal PCB Exposure and Deficits in Executive Function: Parallels between Animals and Humans
Appropriately designed studies in animal models provide important data that can increase our confidence in the findings from human epidemiological research. Studies assessing the impact of early developmental exposure to polychlorinated biphenyls (PCBs) on later cognitive function in the Long Evans rat provide a useful illustration of this concept. PCBs are industrial chemicals that were once widely used as dielectric fluids in capacitors and transformers. These extremely stable and lipophilic compounds became widely dispersed in the environment and are a particular problem in aquatic ecosystems where they have bioaccumulated in predatory fish at the top of the food chain. Humans who regularly consume fish from contaminated waters, such as the Great Lakes, have elevated body burdens of PCBs relative to non-fish eaters (e.g. Schantz et al., 2010) . Several epidemiological studies have followed the cognitive development of children exposed prenatally to elevated levels of PCBs (reviewed in Boucher et al., 2009 ). This brief review highlights the parallels between the cognitive deficits associated with prenatal PCB exposure in children reported in those studies and the cognitive deficits observed in rats exposed to PCBs perinatally. For the sake of brevity, the results from tests of two aspects of executive function-cognitive flexibility and response inhibition-are presented as examples. For a more comprehensive comparison of the cognitive domains impacted by early PCB exposure in animal models and humans see the more extensive recent review (Eubig et al., 2010) .
Response inhibition
Response inhibition is the ability to either inhibit or interrupt a response during dynamic moment-to-moment behavior (Winstanley et al., 2006) . In laboratory animals, response inhibition is often assessed using an operant behavior schedule known as the differential reinforcement of low rates of responding or DRL. On DRL tasks the organism must wait a specified interval of time between responses in order to receive a reinforcer. A response (e.g., a lever press) before the required interval has elapsed will reset the interval clock and delay reinforcer delivery. Recently, studies were conducted in which rats were exposed perinatally to a PCB mixture that models the PCB congener profile present in fish consumed by sports anglers in northeastern Wisconsin. Perinatal exposure to this PCB mixture resulted in decreased inter-response times and a lower ratio of reinforced: non-reinforced lever presses in a DRL schedule (Sable et al. 2009 ). Rice (1998) reported a similar pattern of responding in monkeys exposed during early postnatal development to a PCB mixture that included the major PCB congeners present in human breast milk. This pattern of responding is thought to be indicative of impaired response inhibition.
Interestingly, researchers studying a Great Lakes PCB cohort in Oswego, New York used a DRL task very similar to those used in the rodent and monkey studies to assess response inhibition in PCB-exposed children (Stewart et al., 2006) . The children were required to wait at least 20 seconds between lever presses in order to earn marbles which they could exchange for nickels at the end of the testing period. Similar to the findings in rats (Sable et al., 2009 ) and monkeys (Rice, 1998) , children with higher prenatal PCB exposure tended to respond too soon and, thus, earned fewer reinforcers. The consistency between the DRL results in PCB-exposed rodents, monkeys and humans is striking and increases confidence that deficits in inhibitory control are a real consequence of early PCB exposure.
In children, the ability to inhibit responding when appropriate is more often assessed by measuring commission errors (or false alarms) on continuous performance tasks (CPTs). Typical CPTs measure the child's ability to respond (press a button) to a rare target appearing on a computer screen (e.g., the letter "X" when preceded by the letter "A" but not when preceded by other letters). Testing occurs over an extended period of time, usually 15 min or longer, and commission errors occur when the child responds to non-target stimuli. Both Great Lakes studies have reported associations between prenatal PCB exposure and deficits in response inhibition as assessed using CPTs.
In the Oswego, New York cohort, children with higher umbilical cord serum PCB levels made more errors of commission on CPTs at 4.5 (Stewart et al. 2003 ), 8 (Stewart et al. 2005 ) and 9.5 years of age (Stewart et al. 2005) . The clearest evidence of a deficit was observed when the percentage of target stimuli was large relative to non-target stimuli, indicating that when the children were required to respond more frequently to targets, they were less able to inhibit responding for non-targets. In the Michigan cohort, Jacobson et al. (1992) did not observe an increase in errors of commission using a similar CPT at 4 years, but did see an increase in commission errors on a CPT at age 11 (Jacobson and Jacobson, 2003) . These additional findings using a different measure of response inhibition further increase confidence that deficits in inhibitory control are associated with early PCB exposure.
Cognitive Flexibility
Cognitive flexibility is the ability to switch attention from one aspect of an object to another, or to adapt one's responses based on situational demands, such as a change in task rules, schedule of reinforcement, or type of reinforcement (Monsell 2003) . In rodents and monkeys cognitive flexibility is often assessed using discrimination-reversal learning tasks. In such tasks, the subject must choose between two possible actions in order to obtain a reinforcer. For example, in one type of spatial discrimination-reversal learning task used in rat studies, the subject must choose between two response positions (e.g., the right or left lever). Once the association is well-learned (e.g., left lever is correct) a reversal is presented in which the previously incorrect position is now associated with reinforcement (right lever is correct). The reversal evaluates how flexible the rat is in adjusting its goal-directed behavior as a result of changes in the action-outcome association. Male PCB-exposed rats learned the initial spatial discrimination at the same rate as controls, but were slower to learn the first reversal (Widholm et al. 2001) . Error pattern analyses revealed that this first reversal deficit was related to the fact that the PCB-exposed rats were perseverating-that is, they were continuing to press the previously correct lever even though it was no longer associated with reinforcement (Widholm et al. 2001) . Reversal learning deficits have also been reported in monkeys following developmental PCB exposure (Bowman et al. 1978; Rice 1998; Rice and Hayward 1997; Schantz et al. 1989 ).
In humans cognitive flexibility is often assessed using the Wisconsin Card Sorting Test (WCST), which has parallels to the discrimination-reversal learning tasks used in animals. On the WCST, subjects are asked to sort a series of cards with figures on them that differ in color, shape and number (e.g. two red squares, 3 green triangles). Each time a card is sorted, the subject receives feedback as to whether the choice was correct or incorrect and, based on this feedback, the subject must infer the correct sorting category/stimulus dimension (color, shape, or number) (Romine et al. 2004) . After the subject correctly sorts the cards in a series of consecutive trials, the sorting category is changed without warning (similar to a reversal) and the subject must shift to a new sorting category. As in reversal learning, an indicator of impaired cognitive flexibility is the tendency to make perseverative errors. That is, to persist in sorting the cards by the previously correct category, even after being told repeatedly that the card placements are incorrect. The WCST was administered to children in the Michigan PCB cohort (Jacobson and Jacobson, 2003) . Consistent with the findings from reversal learning tests in laboratory rats (Widholm et al., 2001) , children with greater prenatal PCB exposure exhibited increased perseverative errors on the WCST, indicating that they had more difficulty changing response strategies.
Conclusion
In summary, these examples illustrate that findings from studies in animal models can add to the weight of evidence for associations between chemical exposures and specific cognitive outcomes in epidemiological studies. The more directly laboratory animal studies model actual human exposure scenarios, the more useful they will be in this regard. Similarly, the more closely the cognitive tests used in animal studies parallel those used in humans in terms of the functional domains assessed, the more useful those studies will be. Spatial working memory task performance in monkeys before and after chronic low dose MPTP exposure. In the pre-MPTP baseline condition, animals perform almost flawlessly at the easiest level of the task (2 square (Sq) sequences). As task difficulty increases, animals complete significantly less sequences correctly. Addition of a delay (5 sec) caused fewer sequences to be completed correctly, but only at medium and high levels of task difficulty. Following MPTP administration, animals developed deficits in performance at all levels of the task, but particularly at the most difficult 4 square level. Performance of these animals further worsened with addition of a delay. Baseline= normal, pre-MPTP: MPTP = post-MPTP performance. Effect of sub-optimal and optimal doses of L-dopa on motor functioning (squares) and performance on delayed matching to sample (DMTS) and spatial working memory (SWM) tasks (diamonds). L-dopa (10 mg/kg, (Ld10)) reduced motor disability by approximately 33% and significantly improved performance of both tasks. At a dose (i.e., 20 mg/kg, (Ld20)) optimal for improving motor function (i.e., approximately 57% decrease in motor disability), L-dopa failed to improve DMTS task performance and further disrupted performance of the SWM task. Relative subjective value of a reward as a function of the delay until its receipt. Upper panels: data from humans discounting hypothetical monetary rewards (from Myerson, Green, Hanson, Holt, & Estle, 2003) ; symbols and error bars represent the means and standard errors for 171 subjects. Bottom panels: data from rats discounting food pellet rewards 
